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Summary
pharaonis phoborhodopsin (ppR, or pharaonis sensory rhodopsin, NpsRII) is a sensor for the negative photo-taxis of Natronomonas (Natronobacterium) pharaonis. of ppR corresponds to Arg-82 of bacteriorhodopsin, which is a highly conserved residue among microbial rhodopsins. Using various Arg-72 ppR mutants, we obtained the following results: 1) Arg-72 ppR together possibly with influenced the pK a of the counterion of the protonated Schiff base.
2) The M-rise became ca. 4-times faster than the wild-type. 3) Illumination causes proton uptake and release, and the pH-profiles of the sequence of these two proton movements were different between R72A mutant and the wild-type. It is inferred that Arg-72 connects the proton transfer events occurring at both the Schiff-base and an extracellular proton releasing residue . 4) The
Introduction
Halobacterium salinarum has four retinal membrane proteins: bacteriorhodopsin (bR) (Oesterhelt and Stoeckenius, 1971; Lanyi and Luecke, 2001; Haupts et al., 1999) , halorhodopsin (hR) (Varo, 2000; Mukohata et al., 1999) , sensory rhodopsin (sR or sRI) (Hoff et al., 1997) and phoborhodopsin (pR; also called sensory rhodopsin II, sRII) (Kamo et al., 2001; Sasaki and Spudich, 2000; Takahashi et al., 1985) . The former two work as light-driven ion pumps; bR works as an outward proton pump while hR works as an inward Cl -pump. The latter two work as photo-sensors that relay light signals to their cognate transducer proteins, which initiates a phosphorylation cascade that regulates the flagella motors in order to control phototaxis. The ground state of sRI (absorption maximum, λmax 587 nm) mediates positive phototaxis while its long-lived photointermediate (λmax 373 nm) is a sensor for negative phototaxis (Spudich and Bogomolni, 1984) .
Phoborhodopsin or sRII (λmax 480 nm) is also a sensor for negative phototaxis (Takahashi et al., 1985) . Thus, this bacterium is attracted toward light longer than 520 nm where the two ion pumps can work (Tomioka et al. 1986) , and repelled from the shorter wavelength light that contains harmful UV light. pharaonis phoborhodopisn (ppR) or pharaonis sensory rhodopsin II (NpsRII) is a photo-sensor in Natronomonas (Natronobacterium) pharaonis corresponding to pR (or sRII) of H. salinarum (Hirayama et al., 1992; Lüttenberg et al., 1998) . ppR (NpsRII) is more stable than pR (sRII), especially in dilute salt solutions (Scharf et al., 1992) . Success in the functional expression of ppR in Escherichia coli cell membranes allowed a simple preparation of the protein in large amounts, which permitted more detailed investigations (Shimono et al., 1997) .
The amino acid sequence has been determined for all four kinds of pigments, and the sequences aligned (Zhang et al., 1996; Shimono et al., 1998; Ihara et al., 1999) .
3D-structures are now available for all archaeal rhodopsins
with the exception of sRI: the structure of bR was reviewed with only C-G helices being confined (Pebay-Peyroula et al., 2002) . On excitation by light, the chromophore of each of these four pigments undergoes an all-trans → 13-cis isomerization (Imamoto et al.,1992a) , which is followed by thermal relaxations to the original state through a set of photochemical intermediates (Miyazaki et al., 1992; Chizhov et al., 1998) . This sequence is called photocycling. Differences between ion-pumping and photo-sensor rhodopsins are: the photocycling rate of the photo-sensor is much slow (~s) than that of the ion-pumps (~10 ms) (Imamoto et al., 1992b; Scharf et al., 1992) , and the photo-sensor of sR and pR is associated with a cognate transducer within the membrane called HtrI and HtrII (pHtrII for ppR), respectively (Yao and Spudich, 1992; Hoff et al., 1997; Spudich, 1998; Zhang et al., 1999; Yang and Spudich, 2001 ). The X-ray structure of the complex between NpsRII (ppR) and its truncated pHtrII was solved by Gordeliy et al (2002) .
Alignment of primary amino acid sequences identifies
Arg-82 bR or Arg-72 ppR as a highly conserved residue among archaeal rhodopsins (Ihara et al., 1999; Spudich, 2000; Brown, 2001) , and hence this residue is considered a very important residue. This Arg residue is also found in proteorhodopsin from sea bacteria (Beja et al., 2001) , NOP-1 from Neurospore crassa (Bieszke et al., 1999) , Chlamydomonas reinhardtii sensory rhodopsin (Sineshchekov et al., 2002) and Anabena sensory rhodopsins (Jung et al., 2003) . The role of Arg-82 bR has been investigated in bR: this residue controls the proton release to the extracellular space, the pK a value of Asp-85 bR which is a counterion of the protonated Schiff base, and the rate of retinal thermal isomerization (Balashov et al., 1993; 1995; Govindjee et al., 1996) .
The crystal structure of ppR (NpsRII) shows that the 
Materials and Methods

Preparation of samples
Expression and purification of histidine-tagged recombinant ppR and Arg-72 ppR mutant proteins were essentially the same as described previously (Ikeura et al., 2003; Shimono et al., 1997) . The proteins were reconstituted with L-•-phosphatidyl choline (PC from egg, Avanti, Alabaster, AL) with the molar ratio of 1:50, and the procedure was the same as described previously (Iwamoto et al., 2003; Kandori et al., 2001 ).
pH-titration
Proteins reconstituted with egg-PC were suspended in 400 mM NaCl supplemented with 6-mixed buffer (citric acid, MES, HEPES, MOPS, CHES and CAPS whose concentrations were 10 mM each). After washing 2 or 3 times (15,000 x g for 30 min) the sample was re-suspened. This 6-mixed buffer has the advantage of an approximately constant buffer strength over a wide pH range (Balashov et al., 1995) . The spectra at varying pHs were obtained using U-3210 spectrophotometer (Hitachi, Tokyo Japan) in which an end-on photo-multiplier was installed to reduce the scattering artifact. The pH was adjusted to the desired value using H 2 SO 4 or NaOH. Temperature was 20 o C. Data were analyzed with a model of two interacting residues (Balashov et al., 1996) and data fitting was done using Microcal Origin software (Microcal Software, Morthampton, MA).
Flash photolysis measurements
For measurements in the time range longer than ms (such as M-decay, O-decay and the recovery of the original pigment), a Xe-flash (>540 nm, 200 •s of the duration) was used with an appropriate combination of filters (KL54/Y52, Toshiba, Tokyo Japan). The apparatus and methods were the same as those described previously (Miyazaki et al., 1992) . For the measurement of M-rise, the second harmonic of the fundamental beam of the Q-switched ND-YAG laser (532 nm, 7 ns) was employed as an actinic light source, and data were accumulated 100 times for each run.
light-induced proton transfer (release or uptake)
The egg-PC reconstituted samples were washed 2 or 3 times and suspended in pure water. Fifty to one hundred microliters of this suspension (~10 μM of ppR) was dropped on a transparent SnO 2 electrode surface and dried (diameter of spot, ca. 10 mm). The adhesion was so strong that the protein was not detached from the electrode surface unless washed with a detergent. This has been inferred from the fact that repeated use of the electrode is possible without any change in the signal amplitude. This SnO 2 electrode was used as a working electrode and another SnO 2 electrode was used as a counter electrode. A solution of 400 mM NaCl was sandwiched by these two electrodes, and the solution was supplemented with 1 mM of the 6-mixed buffer whose pH was adjusted with H 2 SO 4 or NaOH to the desired value. An electronic circuit was used which was essentially the same as previous described (Iwamoto et al., 1999a) . The light generated emf (electro-motive force)
arisen between the two SnO 2 electrodes was picked up and 
light-induced proton transport
Photo-induced proton transport by the wild-type ppR or Arg-72 ppR mutants was assayed using inside-out membrane vesicles that were prepared by passing the cells through a
French press (500 -700 kg/cm 2 , Ohtake Co, Tokyo Japan) (Ikeura et al., 2002; Sudo et al., 2001 Japan). The constant actinic light was provided from 300 W Xe-lamp through a hot-mirror, an interference filter (500 nm) and a cut off filter (Y46, >460 nm).
Results
pK a of the counterion of the Schiff base.
The pK a of the counter-ion of the Schiff base, Asp-75 ppR can be estimated by pH-titration: when it is protonated, the maximum wavelength is red-shifted, and color turns to pink (Chizhov et al., 1998; Shimono et al., 2000) . The titration data are plotted in Fig. 1 , where the ordinate represents the ratio of A 541 at the respective pH to that at a sufficiently low pH where all the pigment is in the pink form. This ratio represents the fraction of the pink form. This figure shows the order of the pK a is that wild-type < R72K < R72A < R72Q, revealing that Arg-72 ppR , presumably due to the positive charge of guanidinium group, decreases the pKa of the counterion.
The titration curves were analyzed with the Henderson-Hasselbalch equation, and it was found that data were well fitted with an equation with a single pK a for R72A ppR and R72Q ppR in which Arg-72 ppR was replaced with a neutral amino acid. In contrast, for the mutant containing a positively charged residue (R72K ppR ) as well as for the wild-type, the data cannot be fitted with a single pK a equation but could be successfully fit using the schema described in an inset of Fig.1 . This scheme implies that the pK a of the counterion is affected by the ionization state of another residue (X) (compare pK a1 and pK a4 ), and the pKa of X is, in turn, affected by the ionization state of Asp-75 ppR , the counterion (compare pK a3 and pK a4 ) (Balashov et al. 1996) .
The pK a values of wild-type determined here are different from those previously reported (Chizhov et al., 1998; Shimono et al., 2000) , but our recent results (Mizuta et al., in preparation) show the large dependence on lipid species used.
The pK a of the protonated Schiff base may be changed by the replacement of Arg-72 ppR . However, unfortunately the exact value cannot be determined, but seems to be a little larger than that of the wild-type in the dark (>12, Balashov in preparation).
Proton release or uptake at an earlier stage of the photocycling
During the photocycling of ppR, proton release and uptake occur (Iwamoto et al., 1999a) . The upper left panel (A) in to the effected Arg-82 bR (Balashov et al., 1993; Govindjee et al., 1996) . (Balashov et al., 1993; Hatanaka et al., 1996) . shows that M-decay is about 2-times slower than that of the wild-type (Fig.3a) . On the other hand, R72A/D193E ppR show very fast M-decay, which is the same as for the R72A single mutant.
Effect on the rise of M-intermediate
Effect on the M-decay rate
M-decay rate of Mutants-mutants under varying pH
The 
Photo-induced proton pumping activity of Arg-72 ppR mutants
The process of M-decay involves the protonation of the deprotonated Schiff base. The proton-donating residue of bR, Asp-96 is replaced with Phe-86 in ppR (Seidel et al., 1995) ; the CP of ppR, then, is very hydrophobic, suggesting that the proton conductivity through the CP is very small. As described in Results, the residue X is required for quantitative explanations for Fig. 1 (Richter et al., 1996; Govindjee et al., 1996) (Balashov et al., 1997; Dioumaev et al., 1998; Koyama et al., 1998) .
In bR, the movement of the orientation of the side-chain of Arg-82 bR during photocycling is considered to cause a pK a change of the proton-releasing complex consisting of Proton pumping activity and one only contributes to the proton pumping (M2 as is in bR). We should take consideration of the transition from M1
to M2, or population of these two M being affected by the mutation. The spectroscopic separated two-M of the wild-type ppR was described (Chizhov et al., 1998; Rivas et al., 2003) .
Further quantitative study on this respect should be necessary.
Effect on the chloride concentration in the medium
The Cl -effect on characteristics and photochemistry of ppR has been reported (Iwamoto et al., 2002a; Shimono et al., 2000) . In addition, we observed here a Cl -effect on M-decay rate of R72A ppR (Fig.7) . As discussed above, this result may indicate a Cl --effect on the pK a of Asp-193 ppR of R72A. The Cl -concentration we used here was only 400 mM NaCl.
Concluding remarks
In the present paper, we conclude the following: Experimental conditions were the same as in Fig.3 . Experimental conditions were the same as in Fig.3 . 
